The x-ray crystal structure of the tetrameric T-antigen-binding lectin from peanut, Mr 110,000, has been determined by using the multiple isomorphous replacement method and refined to an R value of 0.218 for 22,155 reflections within the 10-to 2.95-resolution range. Each subunit has essentially the same characteristic tertiary fold that is found in other legume lectins. The structure, however, exhibits an unusual quaternary arrangement of subunits. Unlike other well-characterized tetrameric proteins with identical subunits, peanut lectin has neither 222 (D2) nor fourfold (C4) symmetry. A noncrystallographic twofold axis relates two halves of the molecule. The two monomers in each half are related by a local twofold axis. The mutual disposition of the axes is such that they do not lead to a closed point group. Furthermore, the structure of peanut lectin demonstrates that differences in subunit arrangement in legume lectins could be due to factors intrinsic to the protein molecule and, contrary to earlier suggestions, are not necessarily caused by interactions involving covalently linked sugar. The structure provides a useful framework for exploring the structural basis and the functional implications of the variability in the subunit arrangement in legume lectins despite all of them having nearly the same subunit structure, and also for investigating the general problem of "open" quaternary assembly in oligomeric proteins.
ena.
The most extensively studied lectins are those obtained from the seeds of leguminous plants. These lectins are either dimeric or tetrameric. The first lectin to be x-ray analyzed, in the 1970s, was the tetrameric concanavalin A (Con A) from thejack bean (3, 4) . The three-dimensional structures ofthree more lectins, those of pea lectin, favin, and isolectin I from the seeds ofLathyrus ochrus, became available subsequently (5) (6) (7) . In the meantime, it was shown by several workers that legume lectins are related to one another by sequence homology (8) . As is to be expected from the homology, the subunits in Con A, pea lectin, favin, and the L. ochrus lectin have nearly the same tertiary structure, although Con A has a single-chain subunit while the other three have two polypeptide chains in each subunit. They contain two metal ions each (calcium and manganese), which are situated in the same locations in the three-dimensional structures of the four lectins. The locations of the carbohydrate-binding region in them are also broadly similar. Furthermore, the lectin subunits dimerize in a similar fashion. The dimers further associate into tetramers in Con A, but not in the other three. Modes of dimerization different from those observed in the above lectins were, however, found in lectin IV of Griffonia simplicifolia (GS4) (9) and the Erythrina corallodendron lectin (10) , although the structure of subunits in them is similar to that of the other legume lectins. Interactions involving covalently bound sugar were suggested to be responsible for the different modes of subunit association found in them.
The lectin from peanut (Arachis hypogaea), with specificity for the tumor-associated T-antigenic disaccharide Gal(,Bl-3)GalNAc, is, like Con A, a tetrameric protein with Mr 110,000 (11) . Each subunit in the protein is 236 amino acid residues long and is homologous to the subunits in other legume lectins (12) . As in the case of Con A (13, 14) and other well-known tetrameric proteins such as hemoglobin (15, 16) , the molecule dissociates at low pH into dimers which bind sugar with the same stoichiometry as the tetramer (one binding site per protomer) but with an association constant one order of magnitude lower than that for the tetramer (17, 18) . At physiological pH, however, the molecule is entirely tetrameric, with no evidence ofassociation-dissociation (17) . The lectin crystallizes in four forms, one orthorhombic, two monoclinic, and one triclinic, each containing a tetrameric molecule in the asymmetric unit (19, 20) . Of these, the orthorhombic form was taken up for detailed study (21, 22) . Attempts to solve the structure by employing the molecular replacement method using search models derived from other legume lectins did not succeed. Here we report the salient features of the structure determined subsequently by the multiple isomorphous replacement method and refined by using 2.95-A resolution x-ray data.* These features are of considerable general interest in relation to quatemary association in proteins.
METHODS
Crystallization and Preparation of Heavy Atom Derivatives. The lectin was purified from the locally available peanut by using affinity chromatography on cross-linked arabinogalactan (23 Table 1 . Data Collection. Diffraction data from the native and derivative crystals were collected on a Siemens-Nicolet area detector mounted on a GX 20 Marconi Avionics rotating anode x-ray generator. One crystal was used for collecting each data set. The raw data were processed by using XENGEN (24) . Further statistics pertaining to the data sets are given in Table 1 .
Determination and Refmement of Heavy Atom Parameters. The heavy atom positions were determined by using difference Patterson and Fourier maps and the direct methods program MULTAN (25) . Refinement of heavy atom parameters and phase-angle calculations were carried out using PHARE in the CCP4 program package (Daresbury Laboratory, Warrington, England). As can be seen from the relevant information given in Table 1 , the phasing power of the derivatives was rather low, presumably on account of the low occupancies of the heavy atom sites. Furthermore, the three platinum derivatives have two sites in common and the two derivatives involving K2PtCl6 have three sites in common. Thus, the three platinum derivatives were not truly independent of one another. Therefore, the other two platinum derivatives were also excluded from phase-angle calculations when refining the heavy atom parameters in each platinum derivative.
Structure map was readily interpretable. Detailed search revealed the presence of a molecular dyad about which the map was averaged, using Bricogne's program suite (26) in CCP4. A modified version ofthe molecular envelope obtained by using Wang's solvent-flattening program (27) was used for this purpose. About 82% of the atoms in two subunits, encompassing almost all the sheets and parts of the loops, could be fitted into the averaged map by using FRODO (28) on an IRIS-4D workstation, following a chain tracing made in a minimap. The two subunits and the two others related by the molecular dyad were subsequently fitted into the unaveraged map. Several cycles of refinement using the HendricksonKonnert restrained least squares program (29) in CCP4, model building using electron-density maps calculated with 21Fo -FCl as coefficients, and the gradual introduction of higher-resolution data resulted in the current model, which contains 6919 protein atoms accounting for 97% of a total of 7120 nonhydrogen atoms in the molecule. Positional and individual isotropic thermal parameters were refined. Five C-terminal residues in all four subunits and a few side-chain atoms could not be located. Solvent atoms have not yet been included in the refinement. The current R value is 0.218 for 22,155 reflections in the 10-to 2.95-A resolution shell. The rms deviation from ideal values in bond lengths is 0.025 A. The electron-density map corresponding to the current model, a portion of which is shown in Fig. 1 , is of good quality.
RESULTS AND DISCUSSION Structure of the Subunit. As in other legume lectins (3-10), the tertiary structure of each subunit in peanut lectin essentially consists of a flat six-stranded (-sheet and a curved seven-stranded 3-sheet interconnected by loops of various lengths (Fig. 2) . The two metal ions in the structure are located at the same positions as in other legume lectins. Model building using the known positions of iodine in the iodophenyl galactoside derivative and the presence of significant though diffuse electron density, presumably corresponding to lactose, at the expected locations suggest that the same is true about the carbohydrate-binding region. The four crystallographically independent subunits have nearly identical structures, the rms difference in a-carbon positions within different pairs of subunits varying between 0.6 and 0.8 A. The differences between the tertiary structure of peanut lectin and the structures of other legume lectins are largely confined to loops and chain terminii.
Quaternary Structure. Detailed crystal structures of a number of tetrameric proteins containing identical subunits are available (31) . As expected from theoretical considerations (32, 33) , all of them have either 222 (D2) symmetry, which is common, or fourfold (C4) symmetry, which is rare. As illustrated in Fig. 3 and explained in the figure legend, the peanut lectin tetramer has neither symmetry, and the arrangement of subunits in it is different from any observed so far. Indeed, the tetrameric assembly has an "open" structure (33) . As outlined later, the molecule contains three distinct intersubunit "binding sites" (33) . One of them is vacant in two subunits, while another is vacant in the remaining two. Unlike in hexokinase (34) , simple steric considerations do not provide a ready explanation for the absence of polymerization using these vacant sites. Although earlier studies (11, 17, 18) had unambiguously established peanut lectin to be a tetramer at physiological pH, it was important, in view of the unexpected results outlined above, to reconfirm that this was indeed the case. Therefore, gel filtration experiments were carried out at pH 7 at various concentrations of the protein (10, 6 , and 3 mg in 1 ml) in the presence as well as the absence of lactose; in another set of experiments, 2 to 5 ,g of 125I-labeled protein was used in gel filtration (A.S., unpublished results). All the experiments indicated the presence of the tetramer only at the physiological pH; there was no evidence of dimers even at the very low concentrations used in the experiments involving radioactive iodine. Thus the tetrameric association in peanut lectin appears to be more stable than that in other tetrameric proteins such as Con A and hemoglobin, which exhibit tetramer-dimer equilibrium even at physiological pH (13, 14, 35) . The gel filtration experiments yielded the same results irrespective of the presence of sugar. Indeed, the sugarbinding site in legume lectins, including peanut lectin, is far removed from intersubunit interfaces, and carbohydrate ligands cannot therefore physically interfere with subunit association.
The tetrameric molecule contains four subunit-subunit interfaces-namely, 1-2, 1-4, 2-3, and 3-4 ( Fig. 3) -all of which are isologous. Of these 1-4 and 2-3 are related by noncrystallographic twofold symmetry. It had been shown earlier that the peanut lectin tetramer is a dimer of a dimer (21) although, contrary to expectation, the molecule does not possess 222 symmetry. Close examination suggests that subunits 1 and 4 and subunits 2 and 3 constitute the two dimers in the tetramer. The monomer-monomer interfaces in the two sets are of the same type. The other option involving the choice of subunits 1 and 2 and subunits 3 and 4 as the two dimers would lead to two types of dimers in the same molecule, which appears unlikely. Furthermore, 1-4 and 2-3 interfaces contain the largest number of intersubunit contacts, with nearly 90 interatomic distances of <4 A involving 23 residues in each interface. The 1-2 and 3-4 interfaces contain 55 contacts involving 14 residues and 73 contacts involving 15 residues, respectively. Thus the crystal struc- ture suggests that peanut lectin contains two identical dimers (1-4 and 2-3), both twofold symmetric, related to each other by another twofold axis in an "open" tetramer.
Relation with Subunit Arrangement in Other Legume Lectins. Dimeric association involves the formation of a 12-stranded (-sheet, six strands (of the flat 3-sheet) from each subunit, in Con A (3, 4), pea lectin (5), favin (6) , and isolectin I from L. ochrus (7) . Interactions involving covalently linked sugar have been suggested to be responsible for the different modes of association found in GS4 (9) and the lectin from E. corallodendron (10) . Peanut lectin is not a glycoprotein. Yet the most prominent intersubunit interface in it, which occurs twice (1-4 and 2-3) , is remarkably similar to the monomermonomer interface in the GS4 dimer, as can be seen from Fig.  4A . This interface involves the "back-to-back" association of the subunits with the two flat /-sheets, rotated with respect to each other by about 900 around an axis perpendicular to them, in contact. The 1-2 interface is similar to that in Con A dimer (Fig. 4B) . However, the most notable feature of the latter, namely, the 12-stranded l3-sheet, does not exist in peanut lectin. The flat 6-stranded /3-sheets in the two subunits are farther apart in peanut lectin than in Con A, and they do not link to form the combined 12-stranded sheet. The 3-4 interface has so far not been observed in other lectins. Thus, contrary to earlier suggestions, the structure of peanut lectin, especially the occurrence of a dimeric association similar to that in GS4, demonstrates that the differences in the quaternary arrangement in legume lectins are not necessarily caused by interactions involving covalently linked carbohydrate. The tertiary structure of legume lectins appears to be such that small alterations in it could lead to different types of quaternary association.
In conclusion, the crystal structure of peanut lectin is, to the best of our knowledge, the first well-characterized example of a homotetrameric protein molecule with neither 222 nor fourfold symmetry, and it provides a framework for exploring the general problem of "open" quatemary arrangement in oligomeric proteins. It establishes that legume lectins are a class of proteins in which small alterations in essentially the same subunit structure can lead to different quatemary associations, with or without interactions involving covalently bound sugar. With three different types of intersubunit interfaces, which have various degrees of similarity with those in other legume lectins, the peanut lectin molecule provides a good model for exploring the structural basis and the functional implications of this variability. 
